ABSTRACT A design to achieve frequency-selective rasorber (FSR) and reflector with two-sided absorption bands is proposed. The theoretical analysis and the calculation method for the structure parameters are presented by utilizing the equivalent circuit model. The reflector and the rasorber are designed in simple 2-D structures, consisting of only one layer of resistive sheet and a pure ground or a bandpass frequencyselective surface, respectively. Based on the analysis of the condition for realizing two-sided absorption, we found that the parameters of each element in the resistive sheet are correlative and proportional to each other. The calculation method of actual physical dimensions of the proposed structure is provided, so the element sizes of unit cell structure can be calculated and designed to approximate the desired values. Hence, based on these proposed methods, the perfect two-sided absorption FSR or reflector can be realized directly when the deduced relationship of the parameters is satisfied. Therefore, the approach of impedance matching becomes much easier. The simulation results show the two wideband absorption bands located above and beneath the reflection/transmission band. An FSR and a reflector are designed, fabricated, and measured. The measurement results match well with the simulation results and verify the designing principle. The FSR realizes the two-sided absorption bands at 2.1-5.1 and 11.9-17.5 GHz and a transmission band at 9.7 GHz. The reflector shows a wide reflective bandwidth and two wide absorption bands at 2.8-6.5 and 12-17.4 GHz.
I. INTRODUCTION
Frequency selective surface (FSS) is a kind of spatial filter and shows reflection or transmission qualities to electromagnetic (EM) waves [1] . FSS radome can reflect the out-of band incident wave to the unconsidered directions so that the mono-static radar cross section (RCS) can be effectively reduced. However, with the development of the radar detection technology, the bistatic and multi-static radar cross section reduction (RCSR) appears more and more important [2] - [5] . Frequency selection rasorber (FSR) is an ideal stealth radome structure combined of the radome and absorber. It is mainly applied to suppress clutter and reduce RCS by absorbing the out-of-band incident wave while maintain the transmission performance [6] - [11] . Frequency selective reflector with absorption band is also an efficient structure to realize RSCR for antennas [12] - [21] . It is a pure reflection plate at the antenna operating bands and it is an absorber for the out-of-band waves. Besides, the frequency selective reflector can also be used as a reflective back to enhance the gain of antennas [16] - [18] .
Several FSR and reflector structures with absorption/ transmission or absorption/reflection performance have been proposed to achieve RCSR for antennas, but most of the reports have realized only one-side absorptive band. In recent years, some designs proposed ways to achieve two absorptive bands [6] - [9] , [17] . A 3D absorptive frequency selective reflector for antenna RCSR was proposed and the design achieved two-sided absorption bands based on multimode resonators inside a 3D unit cell [17] . Two stripline lossy resonators were utilized and thus absorptive performances were obtained at upper and lower bands. A 3D rasorber with two absorption bands at both sides of the passband was designed in [8] . A lossless and two lossy resonators are employed in the unit cell of the periodic structure to produce the passband and the absorption bands. By contrast, the 3D FSR usually has a more complicated structure that is more difficult to fabricate. Design in [6] proposed an interdigital resonator to obtain two-sided absorption bands. The two-sided absorption bands were realized by optimizing the structure parameters to adjust the impedance matching at two sides. The perfect absorption condition was realized at the center frequency (10GHz in [6] ) and then placing the bandpass FSS at one quarter wavelength of the center frequency, so that the two-sided absorption performance can be achieved. However, this designing method does not satisfy the perfect absorption condition at these two-sided bands, so the absorption performance can not achieve the best effect. Moreover, at the center frequency, the perfect absorption condition should be satisfied, but in practice, it is quite difficult to satisfy its absorption condition by optimizing the real part and imaginary part of the resistive sheet at the same time, so the design difficulty is quite high. Design in [7] presented a structure to realize a transmission/absorbing radome with double absorbing band. However, two-sided absorption bands were obtained by using at least two FSS layers so that the design complexity increases.
Based on the equivalent circuit model, this paper proposes a method to achieve perfect two-sided absorption response and designs two structures with reflection and transmission band, respectively. The reflector is obtained by only one layer of resistive sheet and a metal plate which regards as a pure ground layer located at one quarter wavelength of the first absorption band. Besides, the rasorber can be obtained just by substituting the ground layer to bandpass FSS. The resistive sheet is composed of a series RLC and a parallel LC structure and the bandpass FSS is an LC parallel structure. According to the analysis and calculation of each structure element in the resistive sheet, the condition to realize two-sided absorption performance can be deduced and what is interesting is that the parameter of each element are correlative and proportional to each other. Moreover, the calculation method of actual physical dimensions of the proposed structure is provided, so the element sizes of unit cell structure can be calculated and designed to approximate the desired values and the corresponding relationship between the physical dimensions of the structures and the equivalent circuit model can be determined. Therefore, compared with other works, the design method in this paper need not to adjust the real part and imaginary part of the resistive sheet, and the two-sided performance can be achieved when the relationship of the four parameters is satisfied. Based on these formulas, the two-sided absorption FSR or reflector can be designed directly and the approach of impedance matching would be easier than above-mentioned literatures. Due to the massive use of X-band facilities and devices such as detecting radars and antennas in military aircrafts, RCSR is crucial for these applications. Therefore, the center frequency of the proposed structures is designed at 10GHz, so the twosided absorptive bands are located at 5GHz and 15GHz, respectively. 
II. ANALYSIS FOR THE CONDITION OF TWO-SIDED ABSORPTION
The equivalent circuit model of proposed FSR structure is shown in Fig.1 . Z 0 is the impedance of the free space and Z L is the impedance of the lower layer located at one quarter of λ L below the resistive sheet, where λ L = c/f L is the wavelength of the center frequency f L in low absorption band. Z in1 is the equivalent impedance of the lower layer and Z in is the equivalent input impedance of the whole FSR structure. The resistive sheet is composed of a RLC in series and an LC structure in parallel, so the impedance of the resistive sheet can be expressed as
The resistive sheet is designed to resonate at the frequency f 0 = 2f L , so the parallel structure should satisfy that
According to the transmission lines (TL) theory, when the lower layer is a pure ground and Z L = 0, the impedance of Z in1 can be calculated to be
where T is equal to tan(
). Considering the three special frequencies f L , f 0 = 2f L and f H = 3f L , which are the center frequency of the low absorption band, reflection/transmission band and high absorption band, respectively. Z in1 at the three frequencies are
Because the resistive sheet is in parallel with Z L , the input impedance Z in can be expressed as
So the reflection coefficient of port1 is
To achieve the absorption performance, the reflection coefficient at these two absorption bands should be zero:
And the solution of absorption condition is
It is obvious that at the frequency f L and f H , the real parts of resistive sheet are all equal to Z 0 and the imaginary parts are all zero. Similar to the principle of Salisbury screen, the perfect absorption condition at two sides are satisfied. Differently, since the Z in1 is zero at f 0 , thus the reflection coefficient = −1, so the incident wave can be total reflected and the proposed structure is a perfect reflector at f 0 .
Interestingly, when the lower layer is designed to be a bandpass FSS at the center frequency f 0 , the lower layer is still a pure ground for the absorption bands and the equivalent impedance Z in1 at f L and f H are still infinity, so the twosided absorption condition is not change. However, Z in1 turns to be infinity at f 0 and the perfect transmission condition is formed. So the design can be used as a FSR with absorption/ transmission/absorption performance when a bandpass FSS is used at the lower layer.
To satisfy the two-sided absorption condition, the imaginary part of the resistive sheet should be
So the structure elements should meet the theoretical conditions that
And the solutions are expressed as
When one of the value in the structure is determined, the inductor L 2 , for example, the other elements can be calculate to be
So the two-sided perfect absorption condition can be realized by adjusting the structure elements to meet the above expression.
III. SIMULATION RESULTS
Based on the two-sided absorption condition derived in this paper, simulation results by circuit computing software ADS and electromagnetic simulation software HFSS are provided. The center frequencies of two absorption bands are designed to be 5GHz and 15GHz and the reflection or transmission band is 10GHz. The inductive element L 2 is set to be 3.1nH hence the other elements are C 1 = 0.1362pF, C 2 = 0.08171pF and L 1 = 3.307nH. Firstly, the lower layer is set as a pure ground. As shown in Fig.2 , the ADS simulation result shows two absorptive resonances at 5GHz and 15GHz and the bandwidths of two absorption bands with reflection coefficient less than −10dB are 4.6 GHz from 2.7 to 7.3 GHz and 4.2 GHz from 12.8 to 17 GHz, respectively, while the reflection is obtained at 10GHz. Then the bandpass FSS operated at 10GHz is designed as the lower layer and the reflection band changes to be a transmission band with little insertion loss, which is shown in Fig.3 . The bandwidths of two-sided absorption bands become a little bit smaller because Z L is not zero near the bandpass band so the absorption condition can not be satisfied correspondingly. Fig.4 shows a unit cell of the proposed reflector simulated by HFSS software. The resistive sheet is printed on a dielectric-slab with ε r = 3.66, tan δ = 0.004 and the thickness of 0.254mm. The ground layer is placed beneath the resistive sheet and the distance h is one quarter wavelength of 5GHz. The capacitor and inductor elements are implemented by microstrip structure and the resistors are obtained by lumped elements (0603 package, 1% tolerance) [22] . The equivalent capacitance and inductance are designed to satisfy the two-sided absorption condition proposed in this paper and these values can be evaluated as follows [6] , [23] :
where K c is the coupling factor between the adjacent edge capacitors and this factor is simulated by the lineCalc function in ADS software. n = 2 is the number of fingers of the interdigital capacitor. l is the total length of the parallel inductor structure in the unit cell. Firstly, to obtain the desired values of the capacitances and inductances, the dimensional sizes are set to be
and w 2 = 0.1mm. However, due to the mutual coupling and other immeasurable effects among the proposed structure, the performance of the structure is not the optimal, therefore some elements' sizes are optimized in HFSS and the final dimensional sizes are adjusted to be l 2 = 1.9mm, l 3 = 4mm and l 4 = 7mm while other sizes do not change. The absorption and reflection results under different incident angles are shown in Fig.5 . For the perpendicular incident wave, the absorption bandwidths are 4GHz and 5.9GHz in two sides and the 0dB reflection bandwidth is nearly 1.5GHz. For obliquely incident wave, the reflection coefficient changes with the increasing angle of oblique incidence. It can be seen that the absorption performance in lower band becomes better, while the absorptive effect is getting worse in higher band.
By substituting the pure ground to a bandpass FSS, which is shown in Fig.6 , the proposed structure can be served as a FSR with transmission band. The HFSS simulation result shown in Fig.7 indicates that the two absorption bands are 2.5GHz-6.4GHz and 12.6GHz-18.3GHz with minimum insertion loss of 0.5dB at 9.6GHz under the perpendicular incidence. The absorption performance becomes worse with the increasing of the incident angle, while the transmission coefficient is nearly unchanged.
IV. MEASUREMENT RESULTS
To validate the absorptive/reflective performance of the proposed frequency selection reflector, a planar prototype is manufactured and measured. The reflector is composed of 20×30 unit cells with the size of 366×370mm 2 , which is shown in Fig.8 .
The measurement is operated in an anechoic chamber. A horn antenna with the operation band of 1-18GHz is used to emit the incident wave and connects to a vector network analyzer (VNA) Agilent N5224. Fig.9.(a) shows the comparison of the measured mono-static RCS of metal plate and the proposed reflector. Further, the absorptive performance of the reflector is shown in Fig.9.(b) . It clearly shows that the two-sided absorption bands are achieved at 2.8-6.5GHz and 12-17.4GHz. Besides, a reflective band above −1dB is realized from 9 to 11GHz. Compared with the simulated result, the measured reflective band shows fluctuation and the absorption band deviates in high frequencies. These errors are mainly caused by the assembly tolerance, including the parasitic effect of the lumped resistor and measurement errors.
The FSR is obtained by replacing the metal plate to a bandpass, which is shown in Fig.10 . Two same horn antennas whose operation bands cover from 1 to 18GHz were used to measure the transmission performance. The two antennas were connected to different ports of the VNA aiming at the center of the prototype. The incident wave radiated from one antenna illuminated on the resistive side of the FSR prototype and the penetrated wave would be received by another antenna. The S21 parameter between the two antennas with/without the FSR were both measured and the difference between them regarded as the transmission coefficient of the prototype. The absorptive performance of the FSR was measured in the same way with the reflector. transmission band is realized at 9.7GHz with 0.8dB insertion loss. In contrast to the simulated result, the measured absorption bands deviate to lower frequencies. These errors are mainly caused by the frequency offset and mismatching between the resistant sheet and bandpass FSS. Table 1 shows the comparison of the performance between our work and some other literatures. Due to the different design principles between this work and [6] , the perfect absorption condition is satisfied at 1/2 and 3/2 the center frequency, respectively. In contrast, the perfect absorption condition is obtained at the center frequency in [6] . Therefore, for the FSR, the two-sided absorption performance near the center band in [6] is better than this paper. However, the absorption bandwidth is comparatively wide compared with the listed literatures.
V. CONCLUSION
This paper has introduced the design method of frequency selective reflector and rasorber. The frequency selective reflector exhibits a wide reflection band and two-sided absorption bands at its both sides. Besides, by replacing the reflector's metal plate into a bandpass FSS, the FSR can be obtained. Equivalent circuit model has been provided to explain the working principle and the relationship among the parameters of the resistive sheet was deduced. Based on this design method, a FSR and a reflector were fabricated and measured. The measurement results indicated that both the FSR and reflector have significant two-sided absorptive performance. Meanwhile, the FSR has a low insertion loss transmission band so that it can be placed above the antennas to realize RSCR. The reflector has a wide reflection band and can be used as antennas' reflection plane to realize RCSR for antennas too. The absorption performance near the transmission band of the proposed FSR needs to be optimized and it will be studied in further research.
